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Listeria monocytogenes is a food-borne pathogen and the causative agent of listeriosis, a severe infection to those
with a pre-disposition. Infections often arise through consumption of contaminated foods, where high intrinsic
resistance to food processing practises permit survival and growth. Several practises, including refrigeration,
acidification and oxygen limitation are ineffective in controlling L. monocytogenes, therefore foods which do not
undergo thermal processing, e.g. ready-to-eat products, are considered high risk.
While the responses to several food processing practises have been investigated, there are few reports on the
responses of L. monocytogenes to oxygen limitation. Therefore the aim of this study was to investigate the effects of
oxygen limitation on stress response andsurvival capacity during simulated gastro-intestinal transit.
Findings: Anaerobiosis induced an acid tolerance response, causing cells to be more resistant to organic and
inorganic acids than aerobically grown counterparts (p < 0.05).
Using a gastro-intestinal transit model it was found that anaerobic growth induced an acid tolerance response
which enhanced resistance to pH 2.5 simulated gastric juice (SGJ) compared to aerobically grown cells (p < 0.05).
This response was most pronounced in exponential phase cells. However, exposure of stationary phase cells to
pH 3.5 SGJ enhanced bile tolerance, suggesting a link between acid and bile tolerance.
Conclusions: The responses of L. monocytogenes to oxygen limitation are not extensively studied. These findings
provide an initial insight into the effects of anaerobiosis on stress response and survival potential in L. monocytogenes.
While it appears anaerobiosis may impact these, further work is required to confirm these findings are not strain specific.
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Listeria monocytogenes is a Gram positive food-borne
pathogen associated with human disease/illness, ranging
from mild gastroenteritis to potentially fatal invasive
listeriosis [1,2]. Transmission of L. monocytogenes typically
occurs through consumption of contaminated foodstuffs
where ready-to-eat (RTE) foods are often compromised [3].
As RTE foods are not subjected to further control
measures post processing/pre consumption food manu-
facturers adopt the use of modified atmosphere pack-
aging (MAP) in an attempt to control the growth of
pathogenic or spoilage organisms present in RTE foodstuffs
[4]. The application of MAP utilises oxygen (O2), nitrogen* Correspondence: carol.phillips@northampton.ac.uk
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unless otherwise stated.(N2) and carbon dioxide (CO2) in an attempt to inhibit the
growth of micro-organisms by decreasing O2 availability
and increasing CO2 levels within food packaging [5].
Several RTE products have been implicated in listeriosis
outbreaks, including dairy products, vegetables, meat and
poultry products; many of which are packaged under
modified atmosphere [3]. One such outbreak was caused
by L. monocytogenes J0161 in 2000, where 30 cases of lis-
teriosis were linked to the consumption of RTE deli turkey
[6], often stored under MAP.
MAP success in pathogen control is dependent upon
several factors including micro-organisms present, CO2
concentration, storage temperature and food type [7].
While MAP has proven success in controlling the growth
of strictly aerobic micro-organisms, studies have found
that the growth and survival of facultative anaerobes, suchThis is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
g/publicdomain/zero/1.0/) applies to the data made available in this article,
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[7]. Additionally, Francis et al. [7] demonstrated that the
glutamate decarboxylase system, a key acid-tolerance
response (ATR) component, was important for listerial
survival in MAP products. Given the importance of low
pH in the human immune system, conditions inducing
an ATR may impact virulence [8]. Therefore, it was the
aim of this study to assess the extent by which oxygen
limiting conditions induce the ATR and influence sim-
ulated gastro-intestinal survival in an outbreak strain of
L. monocytogenes J0161.
Cultures of L. monocytogenes strain J0161 were grown
to mid-exponential (OD600 0.3 – 0.5) or stationary phase
in Brain Heart Infusion (BHI) broth under aerobic or an-
aerobic conditions. Anaerobic conditions were achieved
using an anaerobic cabinet (Don Whitley, Yorkshire, UK)
and monitored using anaerobic indicator strips (Oxoid,
UK). For acid tolerance assays exponential phase cells
were directly subjected to 5 M HCl (volume sufficient to
reduce the medium to pH 3) or 2% organic acids (citric,
acetic, lactic acid) in BHI. At intervals samples were re-
moved, diluted in buffered peptone water (BPW) and
plated onto BHI agar using a spiral plater (Don Whitley,
Yorkshire, UK). Plates were incubated for 24–48 hours
under aerobic conditions and log reductions calculated










































Figure 1 Acid tolerance assays. Cells were grown to mid-exponential p
subjected to (A) citric acid, 2% (w/v); (B) lactic acid, 2% (v/v); (C) acetic
At intervals, samples were diluted in BPW and were plated by spiral pla
24–48 hours incubation at 37°C. Data presents the mean ± SEOM of thrTo model gastro-intestinal transit, SGJ was prepared
as previously described [9] and adjusted to pH 1.7 or
2.5. Cells were assessed for their capacity to survive
‘short’ and ‘long’ gastric transit as described by Barbosa
et al. [10]. Sixteen ml of pH adjusted SGJ was added to
4 ml of culture and incubated at 37°C for 60 minutes
(short transit) or 120 minutes (long transit). After this
time SGJ was neutralised to approximately pH 7.2 by
addition of NaOH and 0.1x total volume of a 3% w/v bile
salt solution, giving a final concentration of 0.3% w/v (as
found in vivo). Following addition of bile salts cells were
incubated for a further 60 minutes (short transit) or
120 minutes (long transit). Throughout simulated gastric
transit, samples were removed at 30 minute intervals, dilu-
tions made in BPW, plated using a spiral plater and incu-
bated for 24–48 hours at 37°C. All experiments included
growth controls (PBS) subjected to PBS throughout sam-
pling, neutralised simulated gastric juice controls (SGJ)
subjected to SGJ during the first phase of simulated gastric
transit and bile salt only controls (bile) subjected to PBS
during the first phase of simulated gastric transit followed
by 0.3% w/v bile salts.
Anaerobic pre-conditioning significantly enhanced
acid tolerance of exponential phase cells to organic and
inorganic acids (p < 0.05) compared to those which had










































hase at 37°C under aerobic (□) or anaerobic (■) conditions and
acid, 2% (v/v); (D) 5 M HCl (volume sufficient for pH 3) in BHI broth.
ting, log reductions were calculated relative to time-point zero after
ee biological replicates conducted in duplicate.
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to various acids tested.
Anaerobiosis induced acid tolerance occurred during
exposure to both organic and inorganic acids (Figure 1).
Previously published literature has reported increased
expression of glutamate decarboxylase (GAD) during
anaerobic growth in L. monocytogenes. Given the well-
established role of GAD in acid tolerance it is possible that
GAD induction through anaerobic growth may initiate an
acid tolerance response. This hypothesis is supported by
the findings presented in this study where cells grown
under anaerobic conditions displayed increased resistance
to all acid types tested compared to their aerobically
grown counterparts.
To establish systemic infection L. monocytogenes cells
must overcome several barriers before reaching the intes-
tinal epithelial cells for adhesion, invasion and subsequent
infection. The first of these is survival within acidic gastric
juice. The pH of the human stomach varies from pH 1–3
in healthy individuals to pH 3.5-4.5 in susceptible popula-
tions, such as the elderly, following food consumption [9],










































Figure 2 Simulated gastro-intestinal transit of exponential phase cells
( ) or anaerobic ( ) conditions before being subjected to ‘short’ (A,
transit 4 ml of growing culture was added to 16 ml simulated gastric juice at
Suspensions were incubated at 37°C for 60 minutes and then neutralised to ~
final bile salt concentration of 0.3% w/v, as seen in vivo). Suspensions were inc
4 ml of growing culture was added to 16 ml simulated gastric juice at pH 2.5 (C
were incubated at 37°C for 120 minutes and then neutralised to ~ pH 7.2 and 0
concentration of 0.3% w/v, as seen in vivo). Suspensions were incubated for a fu
hourly intervals, diluted in BPW and spiral plated on BHI agar. Plates were enum
bile ( ) controls were also included. Limit of detection = 3x102cfu ml−1. Arrow
of three independent experiments conducted in duplicate.[11]. After the stomach, cells must survive exposure to the
1 litre of bile secreted daily by the liver if they are to estab-
lish systemic infection [12]. Therefore, it was deemed rele-
vant to assess the extent by which the anaerobiosis
induced ATR permitted survival of L. monocytogenes
J0161 cells during simulated gastric transit at pH 2.5
and at pH 3.5, how this transit is impacted by growth
phase, and the effect of ATR has on bile tolerance in L.
monocytogenes J0161.
When challenged by SGJ at pH 3.5 L. monocytogenes
J0161 cells remained viable. There were no differences
in viable counts between those subjected to SGJ and
control cells (p > 0.05), therefore pre-conditioning under
oxygen limiting conditions had no effect on resistance to
SGJ at pH 3.5 (p > 0.05) (Figure 2A and C). However,
there was evidence of anaerobiosis induced acid tolerance
when cells were subjected to SGJ at pH 2.5. When grown
under oxygen limiting conditions, L. monocytogenes cells
remained viable for 60 minutes following SGJ exposure.
During both short and long simulated gastric transit, the
number of recoverable cells was significantly greater follow-










































. Cells were grown to mid-exponential phase at 37°C under aerobic
B) or ‘long’ (C, D) simulated gastric transit. For ‘short’ simulated gastric
pH 2.5 (A) and pH 1.7 (B), for final pH values of 2.5 and 3.5 respectively.
pH 7.2 and 0.1x volumes of 3% (w/v) bile salt solution added (giving a
ubated for a further 60 minutes at 37°C. For ‘long’ simulated gastric transit
) and pH 1.7 (D), for final pH values of 2.5 and 3.5 respectively. Suspensions
.1x volumes of 3% (w/v) bile salt solution added (giving a final bile salt
rther 120 minutes at 37°C. Throughout testing, samples were taken at half
erated after 24–48 hours incubation at 37°C. PBS ( ), SGJ ( ) and
s indicate pH neutralization and addition of bile salts. Data is representative
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potential for anaerobiosis induced acid tolerance to permit
successful passage of L. monocytogenes through the low pH
of the stomach, it should be noted that exponential phase
cells were unable to survive bile salt exposure, irrespective
of growth conditions. Bile is a potent antimicrobial which
has been previously reported to rapidly inactivate exponen-
tial phase cells at physiological concentrations [13], growth
under oxygen limiting conditions did not induce a cross
protection against such exposure.
While exponential phase cells were unable to survive
simulated gastric transit, stationary phase cells were able to
survive transit through our model system in certain situa-
tions (Figure 3A and C). This was a relevant finding given
that bacterial cells often exist in a stationary phase state
[14]. Upon entry into stationary phase, the resistance prop-
erties of cells is altered [15-17], resulting in increased resist-
ance to several antimicrobials, including acids [15-17] and
bile [13]. This was seen in our study where stationary phase
cells readily overcame SGJ at pH 2.5 (Figure 3B and D),
representing a potential risk even to those who are not
deemed ‘pre-disposed’ through high gastric pH. However,










































Figure 3 Simulated gastro-intestinal transit of stationary phase cells.
anaerobic ( ) conditions before being subjected to ‘short’ (A, B) or ‘long
4 ml of growing culture was added to 16 ml simulated gastric juice at pH
Suspensions were incubated at 37°C for 60 minutes, neutralised to ~ pH 7.2
bile salt concentration of 0.3% w/v, as seen in vivo). Suspensions were incu
transit 4 ml of growing culture was added to 16 ml simulated gastric juice
respectively. Suspensions were incubated at 37°C for 120 minutes, neutralis
(giving a final bile salt concentration of 0.3% w/v, as seen in vivo). Suspensi
testing, samples were taken at half hourly intervals, diluted in BPW and spi
incubation at 37°C. PBS ( ), SGJ ( ) and bile ( ) controls were als
neutralization and addition of bile salts. Data is representative of three indesalt exposure beyond 30 minutes. Aerobically grown cells
demonstrated enhanced tolerance to 0.3% bile salts but this
was insufficient to permit viable cells at the end of ‘transit’
in our system.
As with exponential phase cells, those grown to station-
ary phase were readily able to survive exposure to pH 3.5
SGJ (Figure 3A and C). However, they were able to survive
bile salt exposure. Interestingly, mild acid stress of station-
ary phase cells induced a cross protection to bile salt rela-
tive to bile control cells. Pre-exposure to pH 3.5 SGJ
resulted in significantly greater recovery of cells during the
‘intestinal’ phase of transit (p < 0.05). The extent of this
cross protection was pre-condition dependent, those grown
aerobically possessing greater bile salt tolerance than those
grown anaerobically (p < 0.05), suggesting a possible link
between acid adaptation and Listeria persistence during
gastric transit.
In summary, this report demonstrates the induction of
an anaerobiosis induced ATR in L. monocytogenes J0161.
When applying these findings to a novel simulated gastro-
intestinal transit model it appears that this response may
aid transit of L. monocytogenes through the low pH of the










































Cells were grown to stationary phase at 37°C under aerobic ( ) or
’ (C, D) simulated gastric transit. For ‘short’ simulated gastric transit
2.5 (A) and pH 1.7 (B), for final pH values of 2.5 and 3.5 respectively.
and 0.1x volumes of 3% (w/v) bile salt solution added (giving a final
bated for a further 60 minutes at 37°C. For ‘long’ simulated gastric
at pH 2.5 (C) and pH 1.7 (D), for final pH values of 2.5 and 3.5
ed to ~ pH 7.2 and 0.1x volumes of 3% (w/v) bile salt solution added
ons were incubated for a further 120 minutes at 37°C. Throughout
ral plated on BHI agar. Plates were enumerated after 24–48 hours
o included. Limit of detection = 3x102cfu ml−1. Arrows indicate pH
pendent experiments conducted in duplicate.
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In these studies oxygen limitation was found to en-
hance invasive and infective potentials respectively.
While this has been largely attributed to increased ex-
pression and secretion of adhesion proteins [18], here
we provide evidence to suggest that oxygen limitation
enhances resistance to gastric juice, thus increasing the
likelihood of invasive infection [19]. Furthermore, cells
were found to possess growth phase dependent bile toler-
ance which was impacted by pre-exposure to low pH; a
finding which may explain the ability of L. monocytogenes
to persist in the presence of bile in vivo.
While this study was carried out using a single strain,
the isolate originated from a human listeriosis case which
was part of a large-scale outbreak culminating in 29 hu-
man infections and four deaths [20] and so can be consid-
ered an important model organism when investigating
Listeria pathogenesis.
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